Opiates and adrenergic agonists exert hypotensive actions that are at least partially mediated through direct synaptic modulation of adrenergic neurons in the Cl area (Hiikfelt et al., 1974) of the rostra1 ventrolateral medulla (Granata et al., 1983; Milner et al., 1989) . The comparably dense distribution of binding sites for opiates and alpha,-adrenoreceptors in portions of the medial nuclei of the solitary tract (m-NTS) known to receive cardiovagal afferents additionally suggests that some of the cardiovascular effects of opiates and catecholamines may involve neurons in the solitary nuclei (Atweh and Kuhar, 1977; Kalia and Sullivan, 1982; Kuhar, 1982; Donoghue et al., 1984; Dashwood et al., 1985) . Microinjections of alpha,-adrenergic agonists such as clonidine in the intermediate and caudal m-NTS elicit hypotensive effects (Lipski and Solnicka, 1976) while opiates may elicit either decreases or increases in blood pressure depending upon the concentration and receptor specificity of the applied opiates (Hassen et al., 1982 (Hassen et al., , 1983 . Additionally, iontophoretic application of opiate peptides in discrete hypothalamic sites and in the m-NTS elicits sympathoexcitation (Pfeiffer et al., 1983; Appel et al., 1986) . At least some of the differences in physiological responses to opiate agonists in the m-NTS may be attributed to the transmitters and efferent pathways of the receptive neurons. Noradrenergic neurons of the A2-group (Dahlstrom and Fuxe, 1965) are thought to be one of the targets of terminals containing endogenous opioid peptides in the caudal m-NTS (Pickel et al., 1979 ). This conclusion is based on morphological similarities between terminals immunocytochemically labeled for methionine (Mets)-enkephalin and terminals forming synapses with dendrites immunolabeled for the catecholamine-synthesizing enzyme tyrosine hydroxylase (TH) in adjacent sections (Pickel et al., 1979) . However, the synaptic junctions onto catecholaminergic neurons from enkephalin-labeled terminals were never confirmed in single sections. Moreover, other types of associations such as coexistence or convergent input to common target neurons could not be examined with the methods used in the earlier study (Pickel et al., 1979 these questions by combining immunoautoradiographic and immunoperoxidase methods to localize rabbit TH and rat leucine (Leu5)-enkephalin (LE) antibodies in single sections through the m-NTS of colchicine-treated adult rats. A quantitative ultrastructural evaluation of the relative frequency of detection of different types of associations revealed that unlabeled, sometimes common, target neurons received the major input from terminals singly labeled for either LE or TH and from those dually labeled for both of these markers.
Materials and Methods
Details of the methods used in this study have been described (Pickel et al., 1986a; Milner et al., 1989) . Thus, only a briefdescription is given. Fifteen adult (180-250 gm) male Sprague-Dawley rats were anesthetized with halothane (2% in 100% 0,) and given intraventricular injections of colchicine (100 pg7.5 ~1 saline). Twenty-four hours later they were perfused through the ascending aorta sequentially with (1) 10 cc heparinsaline, (2) 50 cc of 3.75% acrolein and 2% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4), and (3) 200 cc of 2% paraformaldehyde in 0.1 M phosphate buffer. Coronal 30-40 pm Vibratome sections were collected through the rostrocaudal extent of the solitary tract nuclei (Paxinos and Watson, 1986) . The sections were placed in 1% sodium borohydride in 0.1 M phosphate buffer for 30 min and then rinsed in phosphate buffer prior to immunocytochemical labeling. A mouse monoclonal antibody raised against LeGenkephalin was commercially obtained from Sera Lab (Crawley Down, United Ringdom) and was tested for cross-reactivity by immunoblots and by adsorption with Leu5-and Mets-enkephalin, P-endorphin, and various dynorphin A fragments. The cross-reactions were principally against Leu5-and Mets-enkephalin [see Milner et al. (1989) for methods and cross-reactivity results]. Rabbit polyclonal antibodies against trypsintreated TH were produced and characterized as previously described (Joh and Ross, 1983) .
Vibratome sections were first incubated for 18-24 hr in a mixture of the TH-and LE-antibodies at dilutions of 1:2000 and 1:200, respectively. These were washed in 0.1 M Tris-saline and then incubated for 1 hr in a 1:lOO dilution of 1*51-labeled donkey anti-rabbit immunoglobulin (Amersham, Arlington Heights, IL) at a 1:lOO dilution of a solution having a radioactive concentration of 100 &i/ml and a specific activity of 17 &i/pg. These sections then were washed extensively over several hours in Tris-saline and processed by a double-bridged peroxidase-antiperoxidase (PAP) labeling method using anti-mouse reagents for the localization of the mouse. LE antibodv (Ordronneau et al., 198 1: Milner et al., 1989) . These sections then were processed for light microscopic autoradiography or were embedded in Epon 8 12 between 2 sheets of Aclar mastic (Masurovskv and Bunge, 1968) , cut on an ultramicrotome and processed for electron microscopic autoradiography (Beaudet, 1982; Pickel et al., 1986a) . Controls. To evaluate the possible labeling of the first antibody by antisera in the second stage of the dual-labeling procedure, some sections were processed for dual labeling with omission of either the first or second primary antibody. In this case, detection of only the one appropriate label was considered as evidence that there was little, if any, nonspecific cross-reactions. [See Milner et al. (1989) for adsorption controls for LE-antibody and Joh and Ross (1983) and Pickel (1981) Sampling. Light microscopic sections dually labeled for LE and TH were examined throughout the rostrocaudal NTS. Electron microscopic analysis was carried out on 7 plastic-embedded and dually labeled sections collected through the m-NTS at the level of the area postrema from 4 animals (see Fig. 2b for area sampled). These sections were chosen based on the optimal preservation of morphological details and maximal detection of TH-and LE-like immunoreactivities as observed by both light and electron microscopy. In electron micrographs, specific autoradiographic labeling was differentiated from nonspecific (background) labeling following identification of silver grains over the suspected source of radiation in at least 2 and sometimes 3 or more adjacent thin sections. Additionally, a quantitative analysis using a modification of the method of Salpeter et al. (1977) was performed in the rostra1 ventrolateral medulla of sections from the same brains as the NTS samples were taken (see Milner et al., 1989) .
Results
Light microscopy Light microscopy revealed a differential labeling between the brown PAP-reaction product for LE-LI and black silver grains indicative of immunoautoradiographic labeling for TH-I (Fig.  1 ). Both labels were detected in a few perikarya and processes in sections examined throughout the rostrocaudal extent of the NTS. However, the relative abundance of immunoreactive perikarya, their distribution, and intensity of labeling for either TH or for LE-LI varied markedly at different rostrocaudal levels or even between adjacent cells within the same section (Fig. 1) . The more intensely labeled and more abundant perikarya containing LE-LI were located in the medial and lateral portions of rostra1 NTS (Figs. 1, a, b; 2~) . At this level, most of the THlabeled perikarya, largely representing the C2-group of adrenergic neurons (Hokfelt et al., 1974) were located near the medial borders of the NTS. These were dorsal and medial to most of the perikarya containing LE-LI. However, large transected processes, presumably proximal dendrites, as well as smaller varicosities showed accumulations of silver grains indicative of TH labeling (Figs. 1, a, b; 2~ ). In the m-NTS at the level of area postrema, peroxidase-labeled processes containing LE-LI were far more numerous than the similarly labeled perikarya (Fig.  1 c) . Perikarya within the more dorsal m-NTS (Figs. 1 c, 2b) were more lightly labeled for TH. A few other cells in this area showed peroxidase reaction for LE-LI without overlying silver grains. Some of the TH-labeled perikarya with low densities of silver grains also appeared to contain low levels of peroxidase product; however, the differential labeling within single cells could not be resolved by light microscopy. The TH-immunoreactive (I) perikarya within the more ventral subdivision of the caudal for either LE-LI or TH. a, Rostra1 NTS level shows a cluster of peroxidase (LE-LI)-labeled perikarya located medially with respect to the tractus solitarius (ts). Other peroxidase-labeled perikarya also are seen ventrolaterally to the tract. In contrast, the TH-labeled perikarya are located more dorsally near the ventricular lumen. b, Intermediate NTS at the level of the area postrema (AP) shows peroxidase-labeled (LE-LI) perikarya located in the more dorsal m-NTS toward the base of the AP. A few TH-labeled perikarya also are seen within the same region. However, the majority of the TH-labeled cells are seen more ventrally, above and also sometimes within the motor nucleus of the vagus (X). Pyramid shows area sampled for electron microscopy. X, dorsal motor nucleus of the 10th cranial nerve and X11, the twelfth; MVe, medial vestibular; Gr, gracilis nuclei. Scale bar, 100 Nrn. labeling for TH in a more distal dendritic process (273-D). The dendrite is postsynaptic to an unlabeled terminal (UT) that forms an asymmetric junction (arrow) with the dendrite. c, Peroxidase reaction for LE-LI is seen within a single dense-core vesicle (dcv) in a dendrite labeled LE-D. The dendrite receives a symmetric contact (arrow) from an unlabeled terminal (UT-I). Dense membrane specializations (arrows) also are seen between UT-1 and a second terminal, UT-~, and between UT-2 and an unlabeled m-NTS that correspond to the A2-group of catecholaminergic neurons contained greater densities of silver grains (Fig. Id) . This differential labeling was most readily appreciated by the fact that TH-I in the ventral group of neurons was detectable after much shorter autoradiographic exposures.
Electron microscopy Electron microscopy of the boxed region of Figure 2b revealed immunoautoradiographic labeling for TH and immunoperoxidase reaction for LE-LI within separate, as well as the same, perikarya, dendrites, and axon terminals. The results confirmed light microscopic findings showing that the majority of the large heavily TH-labeled perikarya were located in ventral portions of the m-NTS at the level of the area postrema. In the dorsal m-NTS at this level, the TH-labeled cells were small and showed a thin rim of cytoplasm with few large dense vesicles or other cytoplasmic organelles (Fig. 3a) . The autoradiographic labeling was seen primarily over the cytoplasm but also was detected over nuclei of most immunolabeled cells. The TH-labeled perikarya were characterized by their relatively sparse synaptic input and extensive glial investments (Fig. 3a) . Even in the most superficial sections, the vase majority of these cells did not contain peroxidase labeling for LE-LI. However, a few perikarya having similar morphological features including rounded nuclei, glial investments, and few cytoplasmic organelles were dually labeled. These were detectable only following colchicine treatment (Fig. 3b) . In contrast to the singly labeled cells, the dually labeled perikarya contained more numerous, large (80-l 50 nm) dense-core vesicles. The reaction product for LE-LI was principally associated with these vesicles (Fig. 3b, inset) . Several other perikarya containing LE-LI in dense vesicles lacked autoradiographic labeling for TH, even though nearby processes were labeled for the enzyme.
Dendrites in the m-NTS at the level of the area postrema from colchicine-treated rats also contained either immunoautoradiographic labeling for TH (Fig. 4, a, b) , peroxidase labeling for LE-LI (Fig. 4c ) or both labels (Fig. 44 . Autoradiographic silver grains indicative of TH-I were detected in proximal (Fig. 4a) as well as in distal dendrites and spines (Fig. 4b) . These dendrites were extensively invested in glial processes and received few synapses. The presynaptic terminals usually lacked detectable immunoreactivity. In a quantitative evaluation of the types of junctions formed by afferents to TH-labeled dendrites, 90% from a total of 59 terminals formed symmetric junctions. These included 62% that were unlabeled, 12% that were labeled for TH, and 15% that contained LE-LI. Most of these junctions were on more proximal, large dendrites. Asymmetric junctions principally on distal dendrites and spines accounted for only 10% of the afferent input. This value may underrepresent the asymmetric junctions on spines due to the greater difficulty of detecting immunoautoradiographic labeling in the smaller distal processes.
In dendrites containing LE-LI (Fig. 4c) or both LE-LI and TH (Fig. 4d) , the reaction product was almost exclusively localized to dense-core vesicles. These appeared considerably larger than the unlabeled dense core vesicles seen in nearby axon t The Journal of Neuroscience, July 1989, 9 (7) 2525 terminals. Many of these vesicles were located near the dendritic plasmalemma (Fig. 4~) . In dually labeled dendrites, the immunoreactive dense-core vesicles sometimes were superimposed with autoradiographic silver grains indicative of TH-I (Fig. 4d) . Dendrites containing LE-LI or LE-LI plus TH-I also received relatively few synaptic contacts and were enveloped in glial processes (Fig. 4, c, d ). The detected junctions on these dendrites were principally symmetric and from unlabeled terminals. In favorable planes of section, unlabeled terminals forming symmetric junctions on dendrites containing LE-LI also showed axoaxonic junctions with other unlabeled terminals (Fig.  4~ ). These junctions are partially obscured in Figure 4c by the obliqueness of the section.
The TH-labeled terminals were usually 0.5-1.0 pm in diameter, although larger (1.5-2.0 pm) TH-labeled terminals also were detected (Fig. 5, a, b) . Small 40-60 nm, round, and clear vesicles were the most prominent organelle in the TH-labeled terminals. Other organelles included mitochondria and one or more large dense-core vesicles (Fig. 5, a, b) . Immunoautoradiographic labeling for TH was established through serial sections of 57 terminals. Of these, 33% formed symmetric synapses either with unlabeled (26%) or TH-labeled (70/o) dendrites (see Fig. 10 for schematic representation of the types of associations formed by TH-labeled neurons). Only 2% formed asymmetric synapses with unlabeled dendrites. The remaining terminals lacked recognized densities within the plane of section. From the total group of TH-labeled terminals, 19% also contained LE-LI, principally within large dense-core vesicles (Fig. 5, c, d ).
Unmyelinated as well as a few myelinated axons and axon terminals contained LE-LI. In these axons, LE-LI was primarily associated with large dense-core vesicles (Fig. 6a) . The reaction product was seen both within the central lumen of large, densecore vesicles and rimming the smaller vesicles in axon terminals (Figs. 6, b, c; (7) (8) (9) . The PAP-labeled dense core vesicles usually were located at sites distal to the synaptic junctions and near investing glial processes (Fig. 7, a, b) . The glial processes were identified by their cytological characteristics including bundles of intermediate filaments (Peters et al., 1976) . In a quantitative evaluation of the same sections used for the analysis of TH-I, 183 terminals showed LE-LI. Many of these formed symmetric junctions. These included junctions on unlabeled (29%) (Figs. 6, 6, c; 7, a, b) , TH-labeled (7%; Fig. 8, a, b) , and TH + LE-LI-labeled (3%; Fig. 8c ) soma and dendrites. The cellular associations are schematically depicted in Figure 10 . The somatic contacts were rare and exclusively on unlabeled perikarya (Fig.  6, b, c) . The receptive perikarya included those with electrondense (Fig. 6b) and electron-lucent cytoplasm. Terminals containing LE-LI occasionally formed symmetric synapses with both an unlabeled soma and an unlabeled dendrite (Fig. 6~) . A few terminals containing LE-LI formed symmetric junctions on dendrites that were additionally postsynaptic to a TH-labeled terminal (Fig. 9 ). These were detected only by careful analysis of serial sections, since the 2 types of terminals often did not both form junctions within the same plane of section.
In contrast to the prevalence of symmetric junctions, only 4% of the terminals containing LE-LI formed synapses that were dendrite (uD). d, TH-containing dendrite is dually labeled for LE-LI (TH + L&D). The peroxidase reaction is located within large dense-core vesicles (dcv) and also is diffusely distributed throughout the cytoplasm. Many of the silver grains indicative of immunoautoradiographic labeling for TH also are near the large dense-vesicles (arrowheads). The dendrite receives symmetric junctions (arrows) from 2 unlabeled terminals (Tl and T2). Asterisks indicate glial processes surrounding the labeled dendrites in a-d. Autoradiographic exposure, 4 months. Scale bar, 0.2 pm throughout. and an unlabeled perikaryon (UP). The perikaryon has dense cytoplasm but no PAP reaction product and an invaginated nucleus (nut). In the labeled terminal, the PAP product is localized to the large dense-core vesicles (dcv) but also rims the smaller vesicles. The asymmetric junction seen in this micrograph is not typical of somatic contacts formed by terminals containing LE-LI. c, LE-LI is localized to dense-core vesicles and rims smaller vesicles in a terminal forming symmetric junctions (arrows) with both an unlabeled dendrite (uD) and an unlabeled perikatyon (UP). Note that, in addition to the symmetric junction on the soma, a pinocytotic vesicle (pcv) is seen between the nucleus (nut) and the labeled terminal. A TH-labeled dendrite (2X-D) is also seen in the lower right-hand portion of the figure. Autoradiographic exposure, 4 months. Scale bar, 0.2 pm. (Figs. 6b; 7~ ). These were principally on unlabeled distal dendrites and spines. Axoaxonic junctions with well-defined synaptic specializations also constituted only 1% of the contacts formed by terminals containing LE-LI (Fig. 7d) . The remaining terminals were without recognized synaptic specializations. From the total number of terminals containing LE-LI, both with and without recognized targets, 6% were dually labeled for TH (Fig. 5, c, d ).
Discussion
The findings of this study provide new information of relevance to understanding the cellular relationships between opioid and catecholaminergic as well as noncatecholaminergic neurons and possible astrocytes within the m-NTS. Specifically, we have shown the differential localization and coexistence of LE-LI and TH and have characterized further the subcellular localization of LE-LI. A quantitative evaluation of sections collected near the surface and, thus equally exposed to all antibodies and immunoreagents, revealed that the terminals containing LE-LI formed symmetric junctions principally, though not exclusively, on noncatecholaminergic neurons, some of which also received innervation from TH-labeled axon terminals.
Light microscopic distributions
The observation that the intensity of the light microscopic labeling for both TH and LE-LI appeared qualitatively distinct in neighboring perikarya within the same section or within different sections identically processed from different levels of the same brain may reflect several variables. These include the heterogeneity of the catecholamine and opioid transmitters and the quantity or subcellular localization of antigens. As the enzyme catalyzing the first step in catecholamine synthesis, TH is present within adrenergic, noradrenergic, and dopaminergic neurons (Joh and Ross, 1983) . Thus, variations in labeling intensity may reflect different quantities or solubilities of TH in neurons using these respective transmitters (Pickel, 1986) . The caudal two-thirds of the m-NTS contains principally noradrenergic neurons of the A2-cell group (Dahlstrom and Fuxe, 1965) . These have a similar distribution to the more heavily TH-labeled perikarya of the ventral group at the level of the area postrema. The lightly TH-labeled perikarya in the dorsal m-NTS at the same level probably correspond to recently identified adrenergic neurons, which also have comparatively low detectable levels of the adrenalin-synthesizing enzyme phenylethanolamine N-methyltransferase (PNMT) (Kalia et al., 1985b; Ruggiero et al., 1985) . These PNMT-containing neurons have ultrastructural features (Pickel et al., 1986b) comparable to those of the TH-labeled perikarya in the dorsal m-NTS.
Variations in intensity of LE-LI may be attributed to the type of opiate recognized by the monoclonal antibody. The LE antibody was shown in immunodot-blots and adsorption controls to recognize principally LE (Milner et al., 1989 ). However, crossreaction of the antibody was also noted to a lesser extent with MeCenkephalin; and all dynorphin A fragments (Milner et al., 1989) . Thus, the different intensities of labeling may reflect differential detection of LeGenkephalin versus other opioid peptides (Larsson et al., 1979) . The cross-reactivities suggest that c The Journal of Neuroscience, July 1989, 9(7) 2529 the more darkly labeled perikarya contain LE-LI rather than immunoreactivity for MeGenkephalin. However, perikatya and processes containing both Leu5 and Mets-enkephalin-like immunoreactivities are seen throughout the rostrocaudal extent of the NTS (Elde et al., 1976; Sar et al., 1978; Maley and Elde, 1982) . Thus, both types of enkephalins may have been identified with LE antibody.
Limited accessibility of antibodies to antigens localized principally to vesicles (see next section) also may account for lower levels of detectability of LE-LI in neurons of the caudal m-NTS. This latter difference may be accentuated in acrolein-fixed Vibratome sections, which have more limited penetration than frozen sections of paraformaldehyde-fixed tissues used for most light microscopic immunocytochemical studies (Pickel, 198 1) . A limited ability to identify dually labeled cells by light microscopy also is likely to be attributable to low levels of antigen and/or localization in vesicles.
Coexistence
The observed coexistence of LE-LI and TH-I in the same cells is not likely the result of nonspecific cross-reactivity. The absence of nonspecific cross-reactions between TH antibodies and LE was established by adsorption controls, whereas omission of the second primary antiserum in dually processed sections established absence of nonspecific cross-reactions during subsequent labeling. Moreover, only a few of the cells were labeled for both TH and LE, while numerous cells were singly labeled for each antigen within the same section. Nonspecific interactions would be expected in all immunolabeled cells in sections collected sufficiently close to the surface to allow equal penetration of immunoreagents.
The demonstration of coexistence of LE-LI and TH-I in neurons of the m-NTS supports earlier reports showing the presence of neuropeptides in brain-stem catecholaminergic neurons. Specifically, catecholaminergic neurons in the NTS are known to contain neuropeptide Y (NPY) (Everitt et al., 1984; Harfstrand et al., 1987) and neurotensin (NT; Hiikfelt et al., 1984) . The distribution of cells dually labeled for catecholamines and for each of these peptides (Hokfelt et al., 1984; Harfstrand et al., 1987) is similar to that of the TH-and LE-containing perikarya in the more caudal m-NTS. It is not known whether these peptides are in the same cells. However, coexistence of enkephalin and somatostatin occurs both in neurons of the m-NTS and in pathways to the NTS from the rostra1 ventrolateral medulla (Millhom et al., 1987a,b) . Thus, more than one peptide may be present within individual catecholaminergic neurons.
The present demonstration of colocalization of opioid peptides and catecholamines in single neurons within the m-NTS is consistent with earlier light microscopic immunocytochemical studies showing close parallelism between the distribution of opiate-containing tracts and rostrally projecting noradrenergic pathways (Khachaturian and Watson, 1982) . However, in this report, the catecholamines and opiates were believed to be contained within separate axons. Our results indicate that a relatively high percentage of the catecholaminergic terminals and a few perikarya in the m-NTS also contain LE-LI. This observation is not surprising in view of the fact that enkephalins (arrow) to an unlabeled dendrite (uD) and forms a junction (arrowheads) with an unlabeled terminal (UT). Autoradiographic exposure, 4 months. Scale bar, 0.2 pm. labeling for TH (7X-D) and PAP for LE-LI (L&T), respectively. Junctions are in patches that appear continuous in a (single arrow) but discontinuous in b (2 arrows). Pinocytotic vesicle (small arrow) is also seen in the TH-D. The labeled dense-core vesicles (dcv) are near investing glial processes (asterisks). c, A terminal containing LE-LI (LE-T), principally associated with a large dense-core vesicle (dcv), forms a symmetric synaptic junction (arrow), with a dendrite that contains silver grains indicating immunoautoradiographic labeling for TH and also peroxidase labeling for LE-LI. The dendrite (TH + LE-D) is labeled diffusely with the PAP reaction product and contains no dense-core vesicles. The dually labeled dendrite also receives synaptic input from another unlabeled terminal (UT'). The silver grain over this terminal was not seen in adjacent sections. Autoradiographic exposure, 4 months. Scale bar, 0.2 pm throughout. are costored with catecholamines in chromaffin granules in the adrenal medulla (Viveros et al., 1979) . Additionally, noradrenaline coexists with both Mets-enkephalin (De Potter et al., 1987) and with Le&enkephalin and dynorphin (Klein et al., 1984) in peripheral sympathetic nerves supplying the vas deferens. Most of the TH-labeled terminals in the present study also are likely to be noradrenergic since norepinephrine is one of the more prominent catecholamines in the intermediate portions of the m-NTS (Kalia et al., 1985a-c) . However, we cannot exclude the possibility that some of the terminals may contain adrenalin or possibly dopamine (Kalia et al., 1985a, b) . The terminals immunoreactive for TH, LE-LI, or TH + LE-LI may be derived from collaterals of local neurons within the rostra1 or caudal NTS. Another source of these terminals may include the rostra1 ventrolateral medulla that contains all 3 types of neurons (Milner et al., 1989) and projects to the NTS and spinal cord (Millhorn et al., 1987a) . Conversely, perikarya in the NTS containing TH, LE-LI, or TH + LE-LI may contribute to the recently demonstrated pathway from cardiovascular portions of the m-NTS to catecholaminergic neurons in the rostra1 ventrolateral medulla (Hancock, 1988) , the latter neurons receive direct synapses from terminals containing TH, LE, or TH + LE (Milner et al., 1989) . Such reciprocal interactions between opiate and catecholamine-containing neurons in the NTS and ventral medulla may underlie some of the diverse cardiovascular effects of opiates (Hassen, 1983; Appel et al., 1986) .
Subcellular localization
The demonstration that LE-LI was principally found in large, dense-core vesicles within a few perikarya and dendrites and both within smaller dense-core vesicles and rimming small clear vesicles in axon terminals is analogous to our recent observations with NPY (Pickel et al., 1989a) . Maley (1985) also observed similar ultrastructural localization of Me+enkephalin in cat m-NTS. Moveover, substance P (Pickel et al., 1977; Barber et al., 1979) and other peptides (Pickel, 1985) have a similar distribution in axon terminals in other regions. These findings support the concept that large dense-core vesicles may be the synthesis and storage site for a variety of peptides (Pickel, 1985) . However, the large dense-core vesicles additionally may store classic transmitters such as serotonin (Pelletier et al., 1981) or catecholamines (Fried et al., 1985) . Some of the large, densecore vesicles, particularly in dendrites of the present study contained both silver grains indicative of TH-I and peroxidase labeling for LE-LI. However, we cannot conclude that the products are colocalized within the same granule for 2 reasons. First, silver grains were seen over both small clear and large dense vesicles in axon terminals. Second, the localization of an I*51 autoradiographic label to small organelles requires extensive analysis of central points and distributions of silver grains relative to the organelle since the radiation spread of the isotope is approximately 100 nm under the conditions used in this study (Salpeter et al., 1977) .
The rimming of smaller synaptic vesicles may be attributable to recognition of LE, proenkephalins, or other opioid peptides by the LE antibody. These opioids may have diffused from the large or small vesicles during tissue preparation or, alternatively, may never exist within the vesicles (Milner et al., 1989) . Absence of immunoreactivity from the central lumen of smaller vesicles also could indicate that the opioids within these vesicles are less accessible to immunoreagents or that these vesicles contain other transmitters (Fried et al., 1985) .
Interactions with astrocytes Two cellular features observed in this study suggest a particularly close association between neurons containing LE-LI and/ or TH-I and astrocytes in the m-NTS. First, the dense-core vesicles that were most heavily labeled for LE-LI were usually located toward undifferentiated portions of the plasmalemma in direct contact with astrocytic processes. The preferential localization of labeled dense-core vesicles away from synaptic junctions also was reported for Me+enkephalin in terminals of the cat m-NTS (Maley, 1985) . Second, terminals labeled either for LE-LI, TH, or both products frequently were enveloped in astrocytic processes, and many failed to form recognizable junctions within the observed sections. The possibility for specific glial actions of catecholamines and opioids is supported by the demonstration that astrocytes have binding sites for these as well as several other putative transmitters (Hosli et al., 1982; Rougon et al., 1983; Bunn et al., 1985) . Transmitter-mediated functional changes in astrocytes is supported further by observations that adrenergic agonists alter both the membrane potential and input resistance of cultured glial cells (Hosli et al., 1982) . Activation of glial cells through their receptive sites appears to involve either chemically gated ion channels or adenylate cyclase (Rougon et al., 1983; Bemwald-Netter et al., 1986; Hamprecht, 1986) . Thus, inhibition ofthe norepinephrine-stimulated elevation in levels of cyclic AMP by morphine and by Mets-enkephalin in astrocytic cultures is consistent with dual regulatory mechanisms involving endogenous opiates and catecholamines (Rougon et al., 1983) . The functional consequences of interactions of these transmitters with astrocytes, if they occur in the m-NTS, are unknown. However, one possibility is the stimulation of astrocytic uptake and metabolism of transmitter amino acids (Hosli et al., 1986) . In other regions such as the cerebellum, astrocytic transport of GABA is at least partially regulated by factors produced by neurons having receptive sites for GABA (Drejer et al., 1983) . We have recently shown direct synapses between GABAergic terminals and catecholaminergic neurons both in the NTS and in the rostra1 ventrolateral medulla (Milner et al., 1987; Pickel et al., 1989b) . Thus, catecholaminergic neurons probably have receptive sites for GABA and, when stimulated, may release factors that are important for GABA uptake and metabolism by neighboring astrocytes. These factors could be either a catecholamine or coexisting peptide such as LE, NT, or NPY. These may be released by exocytosis into the extracellular space to interact with receptive sites on glia (Golding and Bayraktaroglu, 1984; Zhu et al., 1986; Pow and Golding, 1987; Pickel et al., 1989a) . This interesting possibility requires further examination using dual-labeling electron microscopy and in vitro analysis of the capacity of opioids to alter the uptake and metabolism of transmitter amino acids.
Synaptic relations with unlabeled neurons
Presynaptic inhibition of substance P release by opiates is thought to be important in nociceptive pathways in the trigeminal complex (Jesse11 and Iversen, 1977) and also may be functional in baroreflex pathways in the m-NTS (Maley, 1985) . We also cannot exclude other central sources for the unlabeled terminals. One likely possibility is neurotensin-containing neurons within the m-NTS (Higgins et al., 1984) . Projections of these neurons to the parabrachial nuclei form axoaxonic contacts that are remarkably similar to the axonic junctions with LE-LI-containing terminals (Milner and Pickel, 1986) . Obviously, the unlabeled terminals may contain a variety of other transmitters identified in axon terminals in the m-NTS (Maley and Elde, 1982) .
Synaptic input to catecholaminergic neurons
The major input to catecholaminergic neurons in the m-NTS was from terminals that formed symmetric junctions and lacked detectable levels of either TH or LE-LI. The symmetry of the junctions, abundance of GABA, and functional responses to GABA indicating inhibition of catecholaminergic neurons (Hyden and Cupello, 1987) suggest that GABA may be one of the transmitters in the unlabeled afferents to the TH-I dendrites. Terminals containing LE-LI formed principally symmetric syntions are thought to be associated with inhibition and excitation, respectively (Cohen et al., 1982) . Thus, in this context our results apses with unlabeled soma and proximal dendrites and more indicate that terminals containing LE-LI principally decrease but also may enhance the activity of target neurons, as shown rarely formed asymmetric synapses with unlabeled distal denby more direct physiological methods (Zieglgansberger and Tulloch, 1979; Pepper and Henderson, 1980) . The 2 types of obdrites in the m-NTS. The symmetric versus asymmetric juncserved synapses formed by terminals containing LE-LI may reflect different opioid peptides recognized by the LE antibody (Milner et al., 1989) and/or their interactions with differentially specific opioid receptors (Hassen et al., 1983) on proximal versus distal dendrites.
peptides, serotonin, and other transmitters identified in termiMore definitive evidence that at least some catecholaminergic nals in the m-NTS (Higgins et al., 1984; Pickel et al., 1984) . dendrites receive afferent input from GABAergic neurons also has been shown by dual labeling (Pickel et al., 1989b) . The unlabeled afferents probably also include a variety of neuro-A minor input to TH-labeled dendrites was from terminals containing either LE-LI or TH. The symmetry of the junctions formed by both types of terminals supports physiological data indicating that opiates and alpha,-adrenergic agonists such as clonidine principally inhibit catecholaminergic neurons (Bird and Kuhar, 1977; Aghajanian, 1978; Aghajanian and Wang, 1987) . The similarity of the proportions of opioid and catecholaminergic neurons terminating on both unlabeled and THlabeled targets suggests that the convergence may be more common than would be expected by the observed incidence of dual inputs from terminals containing the respective transmitters in the present study. The rarity of detection of this type of convergence is most likely attributed to methodological limitations. The 2 types of terminals were positioned at closely placed sites usually located on small, distal dendrites and dendritic spines. Because of their small size, the spines were difficult to unequivocally demonstrate as autoradiographically labeled for TH. When the afferent terminals were also labeled, the immunoreactivity in small spines may have been missed since the silver grains were thought to originate from radiation spread from the more heavily labeled terminals. (See Salpeter et al., 1977 , for discussion of radiation spread using 12sI.) The controls necessary to establish immunoautoradiographic labeling in small profiles have been discussed at length in some of our more recent papers using the same method (see Pickel et al., 1988; Milner et al., 1989) .
Unlabeled targets of terminals containing LE-LI are likely to include catecholaminergic neurons with nondetectable TH immunoreactivity. Silver grains indicative of TH labeling often were sparsely distributed along longitudinally sectioned dendrites. Thus, failure to detect silver grains in serial coronal sections of approximately 60 nm does not necessarily indicate the absence of TH immunoreactivity. However, the abundance of other neurotransmitters in perikarya and dendrites in the m-NTS strongly suggests that the LE-LI-containing terminals have other noncatecholamine targets. These may include dendrites of cholinergic neurons extending into the m-NTS from the dorsal motor nuclei of the vagus (Armstrong et al., 1988) , as well as GABAergic and peptidergic neurons abundantly distributed in cardiovascular portions of the m-NTS (H&ens et al., 1984; Hokfelt et al., 1984; Meeley et al., 1985; Harfstrand et al., 1987) .
The observed synaptic junctions between terminals containing LE-LI and unlabeled terminals is consistent with earlier studies showing that opiate receptors occur presynaptically in the striatum (Murrin et al., 1980) and in brain-stem regions receiving somatic (substantia gelatinosa of the spinal trigeminal complex and dorsal horn of the spinal cord) and visceral (NTS) serrsory afferents (LaMotte et al., 1976; Atweh and Kuhar, 1977; Atweh et al., 1978) . If the unlabeled terminals in direct synaptic contact with terminals containing LE-LI are of peripheral origin, then they are likely to contain substance P (Gillis et al., 1980) or L-glutamate (Talman et al., 1984; Henry and Sessle, 1985) .
Convergent input onto catecholaminergic neurons from terminals with LE-LI and TH in the m-NTS supports evidence that independent stimulation of adrenergic or opioid receptors elicits marked depression of the spontaneous activity of certain groups of noradrenergic neurons (Aghajanian, 1978) . More recently, single noradrenergic neurons in the locus coeruleus also have been shown to exhibit tolerance and dependence mediated by potassium channels (Aghajanian and Wang, 1987) . The present demonstration of convergent LE-LI and TH-terminals also on noncatecholaminergic neurons in the m-NTS suggests that other central neurons may express similar phenomena.
Whether convergence as observed in the NTS occurs in other regions more directly involved in opiate withdrawal (Aghajanian, 1978; Kuhar, 1982) and other responses associated with opiates and catecholamines remains to be investigated.
